In this study population, dMMR was detected in 344 of 2141 (16.1%) tumors. Compared with pMMR tumors, dMMR was associated with reduced 5-year recurrence rates (33% vs 22%; P < .001), delayed TTR (P < .001), and fewer distant recurrences (22% vs 12%; P < .001). In multivariable models, dMMR was independently associated with delayed TTR (hazard ratio = 0.72, 95% confidence interval = 0.56 to 0.91, P = .005) and improved DFS (P = .035) and OS (P = .031). In stage III cancers, 5-FU-based treatment vs surgery alone or no 5-FU was associated with reduced distant recurrence for dMMR tumors (11% vs 29%; P = .011) and reduced recurrence to all sites for pMMR tumors (P < .001). The dMMR tumors with suspected germline mutations were associated with improved DFS after 5-FU-based treatment compared with sporadic tumors where no benefit was observed (P = .006).
Colorectal cancer (CRC) is the fourth most prevalent cancer and is second only to lung cancer as a cause of cancer-related mortality in the United States (1) . Although the majority of CRCs show chromosomal instability, approximately 15% of cancers develop via an alternative pathway characterized by defective function of the DNA mismatch repair (MMR) system. These CRCs are known as deficient MMR (dMMR) tumors, whereas most CRCs have proficient MMR (pMMR) (2) . MMR deficiency is most commonly caused by epigenetic inactivation of the MLH1 gene in sporadic CRCs, and the remainder of dMMR tumors are associated with Lynch syndrome that is caused by germline mutations in MMR genes such as mutL homolog 1 (MLH1), mutS homolog 2 (MSH2), mutS homolog 6 (MSH6), and postmeiotic segregation increased 2 (PMS2) (3) . At least 90% of dMMR tumors are associated with inactivation of MLH1 or MSH2 (4) . Colon cancers with dMMR show a high-frequency microsatellite instability (MSI-H) that develops because of an inability to repair single nucleotide DNA mismatches, resulting in inactivating mutations in multiple genes (2) . Cancers with pMMR show low-frequency MSI (MSI-L) or in most cases are microsatellite stable (MSS) (2) .
Colon cancers with dMMR have distinct clinical and pathological features that commonly include proximal colon predominance, poor differentiation, diploid DNA content, and increased numbers of tumor-infiltrating lymphocytes (5, 6) . To date, data are lacking 
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Approximately 15% of colorectal cancers develop because of defective function of the DNA mismatch repair (MMR) system. We determined the association of MMR status with colon cancer recurrence and examined the impact of 5-fluorouracil (FU)-based adjuvant therapy on recurrence variables.
Methods
We included stage II and III colon carcinoma patients (n = 2141) who were treated in randomized trials of 5-FU-based adjuvant therapy. Tumors were analyzed for microsatellite instability by polymerase chain reaction and/or for MMR protein expression by immunohistochemistry to determine deficient MMR (dMMR) or proficient MMR (pMMR) status. Associations of MMR status and/or 5-FU-based treatment with clinicopathologic and recurrence covariates were determined using x 2 or Fisher Exact or Wilcoxon rank-sum tests. Time to recurrence (TTR), disease-free survival (DFS), and overall survival (OS) were analyzed using univariate and multivariable Cox models, with the latter adjusted for covariates. Tumors showing dMMR were categorized by presumed germline vs sporadic origin and were assessed for their prognostic and predictive impact. All statistical tests were two-sided.
regarding the rate, pattern, and time to recurrence (TTR) in dMMR vs pMMR colon cancers. However, multiple studies have shown that dMMR colon cancers have a better stage-adjusted survival compared with pMMR cancers. These data are largely from retrospective studies (7) (8) (9) (10) (11) that included patients treated in phase III randomized trials of 5-fluorouracil (FU)-based adjuvant therapy, a population-based study (12) , and a meta-analysis (13) . Not all studies, however, have shown a prognostic impact of MMR status (14, 15) . Factors that can contribute to discrepant study findings include the relatively small numbers of patients with dMMR colon cancers and the bimodal age distribution among these patients. Specifically, patients with sporadic dMMR tumors are older than those with germline mutations in MMR genes who generally show early age at the onset of colon cancer (3) . Patients with sporadic dMMR tumors may, therefore, have comorbidities that could adversely affect their survival. These issues also pertain to determining the predictive impact of MMR status for 5-FU-based adjuvant therapy in colon cancer patients, which is controversial. Retrospective studies indicate that patients with dMMR colon cancers do not appear to benefit from 5-FU-based adjuvant chemotherapy in contrast to patients with pMMR cancers (16) (17) (18) (19) . Although the majority of studies showed a lack of benefit of adjuvant 5-FU in dMMR colon cancers, an analysis of patients treated in adjuvant trials conducted by the National Surgery Adjuvant Breast and Bowel Project (NSABP) reported no interaction between MMR status and 5-FU response (15) , and some studies reported a better outcome for dMMR colon cancer patients treated with 5-FU (20) (21) (22) . An important issue that has not been addressed is whether the prognosis or treatment response differs among patients with sporadic dMMR tumors where MLH1 is inactivated by methylation of the gene promoter or those arising in Lynch syndrome because of germline MMR mutations.
We determined the association of MMR status with colon cancer recurrence variables (rate, TTR, and site of recurrence) to further explore the impact of dMMR on clinical outcomes. We also examined the impact of 5-FU-based adjuvant therapy on these recurrence variables. Such data may provide further insights into the clinical behavior of dMMR vs pMMR tumors that may be useful in patient management and the clinical decision-making process.
Subjects and Methods

Patient Characteristics
The study population consisted of 2141 patients with pathologically confirmed stage II (n = 778) and stage III (n = 1363) colonic adenocarcinomas. Only patients with available tissue specimens from adjuvant therapy trials were included in our analysis, and therefore, represent a subset of the overall study cohorts. Patients were previously enrolled in randomized adjuvant therapy trials evaluating 5-FU with levamisole or leucovorin vs surgery alone [Mayo Clinic and the North Central Cancer Treatment Group (NCCTG) studies 78-48-52 (23, 24) , 84-46-52/Intergroup 0035 (25, 26) , and 89-46-51 (27) ]. Other adjuvant studies included in our analysis evaluated the administration of portal venous 5-FU vs surgery alone (NCCTG 79-46-04) (27) , 5-FU with leucovorin and interferon-gamma (IFN-g) with or without levamisole (NCCTG 87-46-51) (28) , and 5-FU plus leucovorin with high vs standard dose levamisole (NCCTG 91-46-53) (29) . Studies conducted by the Federation Francophone de la Cancerologie Digestive (FFCD) 8802, Gruppo Italiano Valutazione Interventi in Oncologia [GIVIO] (19) , and the National Cancer Institute of Canada () study C03 were included (24) . We also included adjuvant trials conducted by the NSABP that randomly assigned patients to immunotherapy (Bacille Calmette-Guérin [BCG]), surgery alone or the combination of 5-FU and vincristine and semustine (MOF) (C-01), portal venous 5-FU vs surgery alone (C-02), MOF vs 5-FU plus leucovorin (C-03), or 5-FU plus leucovorin vs 5-FU plus leucovorin plus levamisole (C-04) (15) . None of the study patients received oxaliplatin or irinotecan as adjuvant therapy.
The primary tumor site was categorized as proximal colon if the tumor was located above the splenic flexure or distal colon if it was located at or below the splenic flexure. Tumor histological grade was categorized as grade 1 or 2 if well or moderately differentiated and grade 3 or 4 if poorly differentiated or undifferentiated respectively. Patient clinical and pathological data from the adjuvant studies are shown in Table 1 . Data were collected from
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Prior knowledge A major percentage of colorectal cancers have proficient function of the DNA mismatch repair (pMMR) system but about 15% cancers have deficient MMR (dMMR) function. Whether there is an association between MMR status and cancer recurrence or survival in patients treated with 5-fluorouracil (FU)-based adjuvant therapy in colorectal cancer patients is not well understood.
Study design
MMR status (dMMR vs pMMR) was determined in stage II and III colonic adenocarcinoma patients who previously participated in randomized adjuvant therapy trials evaluating 5-FU-based therapy. Associations between MMR status and colon cancer recurrence (rate, site, and time to recurrence) were analyzed by cancer stage and adjuvant treatment. The prognostic and predictive impact of MMR status on 5-FU-based adjuvant therapy was also evaluated.
Contribution
Patients with dMMR colon cancers showed reduced rates of tumor recurrence, delayed time to recurrence, and improved stage-and treatment-adjusted disease-free and overall survival compared with pMMR colon cancers. Distant recurrences were reduced by 5-FU-based adjuvant treatment in dMMR stage III, but not in dMMR stage II patients. Analysis of a patient subset suggested that any treatment benefit was restricted to patients with suspected germline vs sporadic dMMR tumors.
Implications
Patients with dMMR colon cancers show reduced rates of recurrence and improved survival. Patients with stage III dMMR cancers may benefit from 5-FU-based adjuvant therapy compared with observation or no 5-FU treatment.
Limitations
Retrospective study design, analysis restricted to available tumor tissues from adjuvant studies, and data pooled from different randomized trials.
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the individual study protocol databases and were then pooled. Colon cancer recurrence data were prospectively collected and recorded in the study databases. Median follow-up on living patients was 8 years. We categorized the site of first recurrence in the full dataset as local if the recurrence was at/near the anastomotic site, intra-abdominal, or at distant sites inclusive of lymph node metastases. For the predictive analysis, adjuvant treatment status was categorized as observation (surgery alone) or no 5-FU vs intravenous 5-FU-based chemotherapy ( Table 1 ). The original clinical trials were approved by the local Institutional Review Boards of each participating site. The protocol for the current pooled analysis was approved by the Institutional Review Board of Mayo Clinic.
Determination of MMR Status
MMR status was determined by MSI testing and/or analysis of MMR protein expression by immunohistochemistry (IHC). Formalin-fixed paraffin-embedded tumor blocks from stage II (n = 778) and III (n = 1363) colonic adenocarcinomas were used. These archival tissues were obtained from participants in the adjuvant trials, as per the specific study protocols.
MSI Testing. MSI was analyzed by polymerase chain reaction amplification of microsatellite loci in microdissected tumor-enriched paraffin tissue. Specimens from the NCCTG studies including Intergroup 0035 (Table 1) were screened using 4-11 microsatellite markers, as previously described (9, 30) . In NCCTG 91-46-53, MMR status was determined by analysis of instability at BAT26 coupled with MLH1, MSH2, and MSH6 protein expression (29) . Nearly all specimens collected from the National Cancer Institute of Canada C03 trial (Table 1) were amplified with 5-10 mono-and dinucleotide microsatellite loci derived from the panel recommended by the NCI that includes BAT26, BAT25, D5S346, D2S123, and D17S250 markers (31) . Within the NSABP studies, MSI was also determined by amplification of the five-marker Bethesda/NCI panel (31) and the transforming growth factor-beta receptor II (RII) locus (15) . Specimens obtained from the trial conducted by the FFCD were screened only with mononucleotide microsatellite markers BAT25 and BAT26 (32) . MSI testing in the GIVIO study was performed as outlined for National Cancer Institute of Canada-03, except that 53 of 183 tumors were analyzed using only BAT25 and BAT26, and instability was required at both loci for tumors to be regarded as unstable and thus consistent with MSI-H.
IHC Analysis of MMR Expression.
Formalin-fixed paraffinembedded tumors (n = 900) were stained for MLH1 and MSH2 proteins using an immunoperoxidase method, as previously described (33) . Staining was performed using the following primary antibodies: mouse anti-human MLH1 (clone G168-728, 1:250; BD Pharmingen, San Diego, CA) and mouse anti-human MSH2 (clone FE11, 1:50; Oncogene Research Products, Cambridge, MA) monoclonal antibodies. Analysis of MSH6 expression in tumors (n = 387) was performed using a mouse antihuman MSH6 monoclonal antibody (clone 44; Transduction Laboratories, Lexington, KY) in one study . For patients enrolled in the FFCD 8802 study, the same mouse anti-human MLH1 antibody that is described above was used, but a different antibody was used to detect MSH2 (clone G219-1129, 1:200; BD Pharmingen). Protein expression data was interpreted as follows-loss of an MMR protein was defined as the absence of nuclear staining of tumor cells in the presence of positive nuclear staining in normal colonic epithelium and lymphocytes. Each slide was assigned a unique number that enabled blinding of the researchers to patient identity and clinical characteristics.
Definition of dMMR/pMMR. In tumors, dMMR was defined by the presence of MSI-H if greater than 30% of the microsatellite markers showed instability (31) and/or by loss of MLH1 or MSH2 or MSH6 protein expression, or as outlined above. The pMMR tumors were defined as MSI-L (ie, instability at <30% of loci screened), MSS, and/or by intact MMR protein expression. MSI-L has been shown to be biologically similar to tumors exhibiting MSS at all loci tested, and these two molecular phenotypes can be grouped together (13) .
Testing for BRAF Mutation
Testing for BRAF V600E mutation in exon 15 was performed in a tumor subset by conformation-sensitive gel electrophoresis analysis or DNA sequencing or both, irrespective of the MMR status. This was done as previously described (34) . DNA sequence analysis was performed on all samples that showed an abnormally migrating fragment by conformation-sensitive gel electrophoresis, all ambiguous conformation-sensitive gel electrophoresis results, and in dMMR tumors (34) . Colon cancers tested for BRAF mutations and included in this report were from NCCTG adjuvant studies, including NCCTG 91-46-53 (n = 111 tumors).
Statistical Analyses
The x 2 and Wilcoxon rank-sum tests were used to test for an association between MMR status and other clinicopathologic variables, as shown in Table 1 . The x 2 or Fisher exact tests were used to test for an association between adjuvant treatment status with the site of recurrence by dMMR and pMMR status. For this association, a formal test of homogeneity across the study groups was assessed using the Breslow-Day test. The cumulative incidence of recurrence was analyzed and shown graphically over time to evaluate patterns of recurrence. Disease-free survival (DFS) or TTR, censored at 5 years, was calculated as the number of years from random assignment to the first event of either disease recurrence (DFS, TTR) or death (DFS). Overall survival (OS), censored at 8 years, was calculated as the number of years from random assignment to the date of death or last contact in the adjuvant trials. The distributions of OS and DFS were estimated using Kaplan-Meier methodology. Univariate and multivariable Cox proportional hazards models were used to explore the association of MMR status, treatment, and site of recurrence with DFS and OS and were stratified by adjuvant study. The score and likelihood ratio test P values were used to test the statistical significance of each covariate in the univariate and multivariable Cox models, respectively. Wald test P values from a Cox model were used to assess the statistical significance of each individual site of recurrence category. Interaction effects were evaluated using the likelihood ratio test from multivariate Cox models. Graphical and statistical methods were used to examine whether proportional hazards assumptions were satisfied (35) . Patient survival following the date of recurrence was assessed using a landmark analysis to determine if the site of recurrence was prognostic. All statistical tests were two-sided, and P values less than or equal to .05 were considered statistically significant. P values were not adjusted for multiple comparisons. Statistical analyses were performed using SAS software (SAS Institute, Cary, NC).
Results
Patient Characteristics
The study population consisted of 2141 patients with pathologically confirmed stage II (n = 778 tumors) and III (n = 1363 tumors) colonic adenocarcinomas who previously participated in randomized adjuvant therapy trials evaluating 5-FU-based therapy vs surgery alone or comparing 5-FU-based treatment regimens ( Table 1) . Details of the patient characteristics are shown in Table 1 .
Frequency of MMR and Tumor Recurrence in Stage II and III Colon Cancer
We detected dMMR in 344 (16.1%) of 2141 colon cancers, determined by MSI testing and/or IHC analysis for MMR proteins (Table 1) . These tumors showed MSI-H (n = 210 tumors) and/or loss of either MLH1 (n = 112 tumors) or MSH2 (n = 22 tumors) protein expression. MSH6 expression was analyzed in 387 tumors in the NCCTG 91-46-53 study and of the 10 tumors that showed loss of MSH6, all showed concurrent loss of either MLH1 or MSH2 such that no additional dMMR cancers were identified. The frequency of dMMR was similar across the adjuvant study populations (P = .32) ( Table 1) . We stratified the clinical characteristics of the study population by MMR status. The dMMR vs pMMR colon cancers were more likely to be stage II vs III (P < .001), proximal vs distal (P < .001), from women vs men (P = .019), and || Grade 1 or 2 = well or moderate differentiation; grade 3 or 4 = poor differentiation or undifferentiated. ¶ Observation is defined as surgery alone.
# P value was calculated using a two-sided Wilcoxon rank-sum test.
poor or undifferentiated vs well or moderate differentiation (P < .001) ( Table 1) . Furthermore, fewer regional lymph node metastases were noted in patients with dMMR vs pMMR tumors (P < .001) (data not shown). Patients with dMMR vs pMMR tumors showed a statistically significant reduction in the rates of tumor recurrence at 5 years (22% vs 33%; P < .001) (Figure 1, A) . The delay in recurrence for dMMR tumors became evident at 1 year of follow-up after primary tumor resection, and the divergence from pMMR tumors increased over time. Patients with stage II and III colon cancers with dMMR tumors also showed a statistically significant delay in TTR (hazard ratio [HR] = 0.65, 95% confidence interval [CI] = 0.51 to 0.83; P < .001) and DFS (HR = 0.73, 95% CI = 0.59 to 0.91; P = .004; Figure 1 , B), compared with patients with pMMR tumors.
Association Between MMR Status and Colon Cancer Recurrence
We examined the association between MMR status and the site of tumor recurrence in the study population. Primary tumors with dMMR had lower overall rates of tumor recurrence vs pMMR, with the largest reduction noted for recurrence at distant sites (12% vs 22%; P < .001) ( Table 2) . When analyzed by tumor stage, the association between MMR status and site of recurrence was limited to stage III vs II patients (P = .013). When stratifying by adjuvant treatment, patients with dMMR tumors receiving 5-FU-based therapy had higher rates of local and intra-abdominal recurrence but fewer distant metastases compared with patients with pMMR tumors (P = .006) ( Table 2 ). However, MMR status was not associated with the site of recurrence in patients receiving observation (surgery alone) or no 5-FU treatment (P = .295).
Analysis of the site of recurrence by stage showed that stage III patients with dMMR tumors treated with adjuvant 5-FU had a lower 5-year recurrence rate (22% vs 37%; P = .044) and recurred less frequently at distant sites (11% vs 29%; P = .011) vs patients receiving observation or no 5-FU (Table 2 and Figure 2, A) . In addition, patients with dMMR tumors receiving 5-FU treatment were less likely to have a hepatic recurrence vs patients receiving observation or no 5-FU treatment (22% vs 56%; P = .005). . Analysis was performed using Cox regression model, stratified by adjuvant study, and P value was calculated using a two-sided score test. B) Disease-free survival rates for patients with dMMR (solid dark line) or pMMR tumors (dashed dark line) with corresponding 95% confidence intervals (solid and dotted gray lines). Analysis was performed using Cox regression model, stratified by adjuvant study, and P value was calculated using a two-sided score test.
An association between adjuvant 5-FU-based treatment and the site of recurrence was not observed in stage II patients with dMMR tumors (P = .570), and the association was only of marginal statistical significance for stage II pMMR tumors (P = .076) (data not shown). In stage III patients with pMMR tumors, 5-FU-based treatment reduced recurrence rates to all sites compared with patients receiving observation or no 5-FU treatment (P < .001) ( Table 2 and Figure 2 , B). We also determined whether the site of tumor recurrence was prognostic in our study population. A statistically significant reduction in OS after recurrence was observed in patients with intra-abdominal (P = .007) or distant (P = .001) sites of recurrence compared with those with local recurrence (Table 3 ). The best outcome was observed for local recurrence followed in order by lung, intra-abdominal, liver, and other distant sites. The worst outcome was observed for patients with recurrence to both liver and lung (P < .001) ( Table 3) .
Next, we determined whether the effect of 5-FU-based treatment on site of tumor recurrence was consistent across the adjuvant study cohorts. No statistically significant differences were found for the effect of 5-FU-based treatment on the site of recurrence among the different study cohorts included in this analysis for dMMR (P homogeneity = .45) and pMMR (P homogeneity = .11) tumors. We also examined the distant recurrence rates in the largest adjuvant trials. In patients from the NCCTG studies with dMMR tumors, the distant recurrence rate was higher for those receiving observation or no 5-FU vs 5-FU-based treatment (17% vs 9%; P = .157). In patients from the NSABP studies with dMMR tumors, the distant recurrence rate was higher for observation or no 5-FU vs 5-FU-based treatment and was statistically significant (26% vs 10%; P = .036).
In an effort to further support our findings, we analyzed data for MMR status and tumor recurrence using only MMR protein expression because differences in MSI marker panels used in previous adjuvant studies have the potential for misclassification of some tumors. When the analysis was restricted to tumors with MLH1 and MSH2 protein expression data, the results were similar to the overall dataset (data not shown). Of 900 colon cancers with MLH1 and MSH2 expression data, 112 (12.4%) showed loss of MLH1 expression and 22 (2.4%) showed loss of MSH2 expression. In stage III colon cancers with dMMR because of loss of MLH1 or MSH2 proteins, higher rates of intra-abdominal recurrence (P = .011) but lower rates of distant recurrence (P = .031) were found compared with stage III pMMR tumors with intact MMR proteins. Furthermore, loss of MLH1 or MSH2 in patients treated with 5-FU-based therapy was associated with an increase in intra-abdominal recurrence and fewer distant recurrences compared with cancers with intact MMR proteins (P = .002) (data not shown). No statistically significant differences were seen in stage II patients. MMR protein status was not associated with the site of recurrence in patients receiving observation or no 5-FU (P = .707).
Assessment of MMR as Prognostic and Predictive Marker
MMR status provided prognostic information in colon cancer patients from adjuvant therapy trials. Patients with stage II and III colon cancers with dMMR tumors showed a statistically significant improvement in DFS (HR = 0.73, 95% CI = 0.59 to 0.91; P = .004) (Figure 1, B) , OS (HR = 0.73, 95% CI = 0.59 to 0.90; P = .004), and TTR (HR = 0.65, 95% CI = 0.51 to 0.83; P < .001) (Table 4) , compared with patients with pMMR tumors. When the data were analyzed by tumor stage in a univariate analysis (data not shown in the table), the association of dMMR and improved outcome was similar in stage II and III patients (P interactions ≥ .641) but was only statistically significant in stage III (TTR: HR = 0.70, 95% CI = 0.52 to 0.94, P = .016; DFS: HR = 0.76, 95% CI = 0.58 to 1.00, P = .047; OS: HR = 0.76, 95% CI = 0.59 to 0.99, P = .041) and not in stage II (TTR: HR = 0.73, 95% CI = 0.47 to 1.12, P = .148; DFS: HR = 0.83, 95% CI = 0.57 to 1.21, P = .339; OS: HR = 0.81, 95% CI = 0.55 to 1.18, P = .266) dMMR vs pMMR tumors. Other prognostic variables in a univariate analysis included (29) .036 ¶ 5-FU-based 100 (78) 3 (2) 11 (9) 14 (11) * Prevalence and site of tumor recurrence by MMR status in stage II and III colon cancer patients treated in 5-FU-based adjuvant therapy trials. dMMR = deficient MMR; FU = fluorouracil; pMMR = proficient MMR. † P value was calculated using the two-sided x 2 test for all sites or using only the distant recurrence category. ‡ In patients with stage III colon cancers, the effect of 5-FU-based therapy on site of recurrence was determined. § Observation is defined as surgery alone.
|| P value was calculated using a two-sided x 2 test. ¶ P value was calculated using the two-sided Fisher exact test. When only distant recurrence was analyzed, the P value was .011.
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age, sex, stage, and treatment status (Table 4) . For treatment, a benefit of 5-FU-based therapy was seen for TTR (HR = 0.63, 95% CI = 0.52 to 0.77, P < .001), DFS (HR = 0.65, 95% CI = 0.54 to 0.77, P < .001), and OS (HR = 0.68, 95% CI = 0.57 to 0.82, P < .001) ( Table 4) . Concordant results were obtained using only MMR protein data where loss of either MLH1 or MSH2 was associated with a statistically significant improvement in DFS (HR = 0.67, 95% CI = 0.46 to 0.96; P = .027) and OS (HR = 0.69, 95% CI = 0.49 to 0.97, P = .031) rates compared with tumors with intact MMR proteins. Although the site of tumor recurrence was .001 ‡ * Impact of the site of tumor recurrence on OS after colon cancer recurrence was determined using a landmark analysis. A Cox model, stratified by study, was used to estimate the effect for each site of tumor recurrence. CI = confidence interval; HR = hazard ratio. † P value was calculated using a two-sided score test. ‡ P values were calculated using a two-sided Wald x 2 test. .002 * A Cox model (stratified by study) was used to estimate the effect for each variable. 5-year survival rates indicate the percentage of stage II and III colon cancer patients who were alive at 5 years of follow-up. CI = confidence interval; DFS = disease-free survival; dMMR = deficient mismatch repair; FU = fluorouracil; HR = hazard ratio; NA = not applicable; OS = overall survival; pMMR = proficient mismatch repair; TTR = time to recurrence. † P values were calculated using a two-sided score test. ‡ Observation is defined as surgery alone.
prognostic, analysis of patient survival after tumor recurrence showed no difference based upon MMR status (data not shown). In a multivariable analysis, MMR status was shown to be a statistically significant independent prognostic variable. Specifically, colon cancers with dMMR showed improved outcome compared with pMMR for TTR (HR = 0.72, 95% CI = 0.56 to 0.91, P = .005), DFS (HR = 0.80, 95% CI = 0.64 to 0.99, P = .035), and OS (HR = 0.79, 95% CI = 0.64 to 0.99, P = .031) ( Table 5 ). Other statistically significant prognostic variables included age (P < .001), sex (P = .025), stage (P < .001), and treatment (P < .001) ( Table 5) .
We also restricted the analysis to adjuvant studies (from NSABP and National Cancer Institute of Canada) that used at least five microsatellite markers that comprise the Bethesda panel (31) and an NCCTG study (91-46-53) that analyzed BAT26 and immunohistochemical expressions of MLH1, MSH2, and MSH6. Using this restricted dataset, we confirmed our major findings including the reduced recurrence rates and better DFS and OS in dMMR vs pMMR colon cancer patients, and the reduction in distant recurrence for 5-FU-based treatment in stage III patients (data not shown).
In a previous study, we performed a predictive analysis of MMR status and survival in patients treated in adjuvant 5-FU-based clinical trials with untreated control groups that represent a subset of our study population (36) . Accordingly, we did not repeat the predictive analysis but sought to address whether a differential outcome from 5-FU-based chemotherapy exists for dMMR tumors of presumed sporadic vs germline (ie, Lynch syndrome) origin. We categorized patients as sporadic or germline using MSI and/or IHC data and age at adjuvant study randomization. We chose an age cutoff of 55 years based upon its inclusion in the modified Amsterdam criteria for the diagnosis of Lynch syndrome (37) and population-based data for the screening of CRCs in Lynch syndrome patients (38) . Patients with suspected germline tumors showed loss of MSH2 expression or MSI-H and/or loss of MLH1 expression at age 55 years or less (n = 99 patients). None of the presumed germline tumors had a BRAF V600E mutation where such data were available. Patients with suspected sporadic tumors showed MSI-H and/or loss of MLH1 expression and were older than 55 years of age (n = 245 patients). The mean age of patients with suspected germline vs sporadic tumors was 44.9 vs 66.3 years (P < .001). We examined the prognostic impact of suspected germline vs sporadic dMMR tumors. Although patients with germline tumors showed improved survival compared with sporadic tumors, this association was no longer statistically significant after adjustment for patient age (data not shown). In an exploratory analysis, we examined the impact of 5-FU-based treatment on patient survival in these two groups. In patients with germline tumors, 5-FU-based treatment was associated with better TTR (HR = 0.25, 95% CI = 0.10 to 0.65, P = .003) and DFS (HR = 0.29, 95% CI = 0.11 to 0.72; P = .006) compared with observation or no 5-FU in a univariate analysis and after adjustment for stage, age, and sex (TTR: HR = 0.27, 95% CI = 0.12 to 0.63; P = .003; DFS: HR = 0.31, 95% CI = 0.14 to 0.70; P = .006) (Figure 3, A) . In contrast, patients with suspected sporadic tumors receiving 5-FU-based treatment did not show a TTR or a DFS benefit compared with those receiving observation or no 5-FU (TTR: HR = 1.31, 95% CI = 0.64 to 2.70, P = .457; DFS: HR = 1.55, 95% CI = 0.85 to 2.83, * Cox multivariable analysis, stratified by study, of the prognostic impact of clinicopathologic variables in stage II and/or III colon cancer patients treated in 5-FUbased adjuvant therapy trials. CI = confidence interval; dMMR = deficient mismatch repair; FU = fluorouracil; HR = hazard ratio; pMMR = proficient mismatch repair. † P values were calculated using a two-sided likelihood ratio test. ‡ Observation is defined as surgery alone. P = .147) in a univariate analysis and after adjustment for stage, age, and sex (TTR: HR = 1.22, 95% CI = 0.59 to 2.51, P = .585; DFS: HR = 1.50, 95% CI = 0.82 to 2.74, P = .182) (Figure 3, B) . In stage III patients with suspected germline tumors, a greater TTR and DFS benefit was observed for 5-FU-based treatment compared with those receiving observation or no 5-FU (DFS: HR = 0.26, 95% CI = 0.09 to 0.77, P = .009), whereas no treatment benefit was observed in patients with sporadic tumors (DFS: HR = 0.79, 95% CI = 0.35 to 1.80, P = .577).
To provide further support for our findings, we repeated the analysis of suspected germline vs sporadic dMMR tumors after restricting our study population to those studies (NSABP and National Cancer Institute of Canada), where MSI was determined using five or more microsatellite markers from the Bethesda panel (31) and a study that analyzed BAT26 and immunohistochemical expressions of MLH1, MSH2, and MSH6 proteins (NCCTG 91-46-53). When stratified by study, we found that patients (n = 66) with suspected germline mutations in dMMR tumors received a DFS benefit from 5-FU-based therapy (TTR: HR = 0.16, 95% CI = 0.05 to 0.47, P < .001; DFS: HR = 0.19, 95% CI = 0.07 to 0.55, P < .001), whereas patients (n = 120) with sporadic tumors did not (TTR: HR = 1.07, 95% CI = 0.40 to 2.86, P = .897; DFS: HR = 1.40, 95% CI = 0.64 to 3.06, P = .399) when compared with patients receiving observation or no 5-FU. Because our criteria do not provide definitive evidence of either germline or sporadic origin of the colon cancers, we further restricted the germline group to tumors with loss of MSH2 proteins (n = 22) that is consistent with germline mutations (3) and limited the sporadic group of tumors to those tested for BRAF and found to carry BRAF V600E mutations (n = 73) indicating a sporadic origin (34) . Specifically, BRAF mutations are limited to sporadic dMMR colon cancers and can be used to differentiate sporadic from germline tumors with dMMR (34) . Using this categorization and stratified by study, we found similar results (data not shown) for the predictive impact of dMMR for 5-FU-based adjuvant therapy.
We also examined the effect of 5-FU-based therapy on the site of tumor recurrence in suspected germline vs sporadic colon cancers. We found that 5-FU-based treatment vs observation or no 5-FU treatment was associated with a statistically significant reduction in distant recurrence rates in suspected germline (9% vs 33%; P = .003) but not in sporadic (10% vs 11%; P = .771) colon cancers. Restricting the analysis to stage III germline patients showed an even larger reduction in the distant recurrence rate for 5-FU-based treatment vs observation or no 5-FU treatment (14% vs 64%; P < .001). When germline dMMR cancers were removed from the analysis shown in Figure 2 , A, an effect of 5-FU-based adjuvant therapy in stage III colon cancers was no longer evident.
Discussion
We determined the associations of MMR status with recurrence rates, sites of tumor recurrence, and survival of colon cancer patients treated in adjuvant chemotherapy trials. Colon cancer patients with dMMR tumors showed statistically significant reduced rates of recurrence, delayed TTR, and improved stageadjusted rates of DFS and OS, compared with pMMR cancers. Furthermore, MMR status was a statistically significant and independent prognostic variable for TTR, DFS, and OS. Whereas dMMR tumors were diagnosed at an earlier stage (stage II vs III) and were less likely to recur, the prognosis after recurrence was similar to pMMR tumors. We found that the site of recurrence did not differ substantially based upon MMR status in colon cancers from patients receiving observation (surgery alone) or no 5-FU therapy. However, in stage III patients with dMMR tumors, those that received 5-FU-based adjuvant therapy were shown to have a statistically significant reduction in recurrence rates at distant sites compared with patients receiving observation or no 5-FU treatment.
Our findings suggest a treatment benefit in some stage III dMMR tumors, which is supported by recent data from the Pan European Trial Adjuvant Colon Cancer (PETACC-3) where a statistically significant improvement in relapse-free survival was observed for MSI-H compared with MSI-L/MSS patients treated with 5-FU and leucovorin (22) . Patients with pMMR tumors receiving 5-FU-based therapy had a statistically significant reduction in recurrence rates to all sites in stage III cancers. When the analysis was restricted to patients who showed tumor recurrence despite adjuvant 5-FU-based therapy, patients with dMMR tumors showed increased intra-abdominal recurrence and reduced distant recurrence compared with pMMR tumors. Because this same pattern was not seen in patients receiving observation or no 5-FU treatment, this finding can possibly be attributed to an interaction of MMR deficiency and 5-FU-based chemotherapy. We found that the site of tumor recurrence was prognostic and that altering the pattern of tumor recurrence can affect patient survival. We sought to further support our results by restricting the analysis to colon cancers with MMR protein expression data, given the lack of uniformity of MSI marker panels used to analyze tumors in previous adjuvant studies, with the potential for misclassification of MSI status. We found entirely consistent results for the relationship of loss of MLH1 or MSH2 protein expression with reduced recurrence rates and better survival, as well as for the effect of 5-FU-based treatment upon the site of tumor recurrence compared with cancers with intact MMR proteins. The overall rate of dMMR was similar across studies, and a test for homogeneity found similar effects across the adjuvant study populations. We also restricted the analysis to studies that used five or more microsatellite markers and a study that used BAT26 and MLH1, MSH2, and MSH6 protein expression and found entirely consistent results with the full study population.
A predictive analysis of MMR status and survival from 5-FU-based adjuvant therapy was previously reported using adjuvant studies with untreated control arms from our overall study population (19) . Therefore, we shifted our focus to determine whether differences in prognosis or response to 5-FU-based chemotherapy could be detected in suspected sporadic vs germline dMMR cancers. It remains uncertain whether the results of studies that included mainly dMMR sporadic colon cancers can be extrapolated to germline patients, as very limited and conflicting data have been reported for the latter group. (20, 39) . We categorized patients as sporadic or germline using MSI and/or IHC data and age at adjuvant study randomization. All tumors with loss of MSH2 were regarded as germline cases (4) . For the others, we chose an age cutoff of 55 years based on its inclusion in the modified Amsterdam criteria for the diagnosis of Lynch syndrome and population-based data for the screening of CRCs for Lynch syndrome (38) . Using our criteria and a non-population based cohort, the frequency of suspected germline cancers was 4.6% (99 of 2141 cancers), which is similar to the 3%-5% incidence reported in population-based studies where mutation analysis was performed on all MSI-H tumors (40) . After adjustment for patient age, prognosis was similar for suspected sporadic and germline dMMR colon cancers. In our exploratory analysis, we found that 5-FU-based treatment (vs observation or no 5-FU) was associated with a statistically significant reduction in distant recurrence and an improvement in survival in suspected germline but not in sporadic cancers. The predictive impact of 5-FU-based therapy was even stronger in stage III germline cancers, whereas no benefit was observed for stage III sporadic tumors. Given the recognized limitations of our patient categorization, we also compared tumors with MSH2 loss consistent with germline mutation (4) with tumors previously shown to carry BRAF V600E mutations consistent with a sporadic origin (34) and found very similar results. BRAF mutation is strongly associated with sporadic dMMR colon cancers showing hypermethylation of multiple genes, known as the CpG island methylator phenotype (CIMP) (41), and are not detected in colon cancers due to germline mutations in MMR genes (42) . These data suggest that differences in 5-FU response may be indirectly related to the mechanism of MMR deficiency. Potentially, BRAF mutations and/or CIMP in sporadic tumors may confer reduced sensitivity to adjuvant 5-FU that may account for our findings. Although data suggest that BRAF mutations are associated with worse outcome (43) , their predictive impact for 5-FU is unknown. Conflicting data have been reported for CIMP and 5-FU response (44, 45) , a recent analysis of CIMP status in a population-based cohort of CRC patients found that CIMP-positive vs. negative tumors do not benefit from 5-FU-based adjuvant therapy (46) . Accordingly, we cannot exclude a non-MSI/MMR mechanism as being responsible for our findings. Our results need to be confirmed and if so, further study is needed to address the mechanism underlying the observed effect.
This study has limitations that include the pooling of data from multiple trials including comparative treatment trials, the incomplete tissue availability from each study, and the retrospective study design. However, the effect of 5-FU-based treatment on the site of tumor recurrence was consistent across the adjuvant study cohorts, as determined by a test for homogeneity. We also found similar 5-year DFS rates when we compared our study cohort to the full study population from the adjuvant trials.
This study has several strengths that include clinical trials with meticulous data collection and extended follow-up, and our findings of concordant results for both tumor recurrence and patient survival. Our report is also the largest study of the relationship of MMR status with clinical outcome and the first to specifically address its impact upon rate and site of tumor recurrence. Our results have clinical implications for the use of adjuvant therapy and support our earlier recommendation (36, 47, 48) that stage II dMMR colon cancer patients should not receive adjuvant 5-FU-based therapy and that stage III dMMR patients should continue to be treated with 5-FU-based adjuvant chemotherapy per the current standard of care. Studies to determine the responsiveness of dMMR colon cancers to the standard FOLFOX (fluorouracil, leucovorin, oxaliplatin) adjuvant regimen are awaited. The pattern of tumor recurrence and better survival of dMMR colon cancers suggest that recurrent disease in these patients may warrant an aggressive surgical approach where feasible.
In conclusion, our data demonstrate that patients with dMMR colon cancers have a statistically significant reduction in their rates of tumor recurrence, a delayed TTR, and better survival rates, compared with pMMR colon cancers. Although no statistically significant differences were found for the site of recurrence stratified by MMR status in patients receiving observation or no 5-FU, patients with dMMR stage III tumors treated with 5-FU-based adjuvant therapy showed fewer distant metastases compared with similarly treated pMMR tumors. An exploratory analysis of cancers categorized as suspected germline vs sporadic suggests that any treatment benefit may be restricted to germline tumors. Studies are warranted to further address this potentially novel finding.
